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Introduction
Driven by developments in surface patterning methods, there have been significant academic interests in recent years to control the spreading and flow of liquids using the surface properties of the solids with which they are in contact. It is now possible to produce complex surfaces with regions or patches of varying compliances, wettabilities and/or topological features. [1] [2] [3] [4] [5] [6] [7] [8] These structured surfaces provide useful model systems to explore fundamental issues such as contact angle hysteresis [9] [10] [11] and three-phase contact line motion. [12] [13] [14] [15] [16] Understanding how liquids move on structured surfaces also helps to develop many practical applications. In particular, one rapidly growing area of applications is micro-fluidics. For example, chemically patterned surfaces may be exploited to generate monodisperse drops 17 or to separate capsules 18, 19 of particular sizes or stiffness in open micro-fluidic geometries; ratcheted posts have been designed to allow preferential fluid flow in one direction; [20] [21] [22] numerous superhydrophobic surfaces have been fabricated to reduce drag and contact angle hysteresis. 23, 24 In this paper, our focus is to investigate the movement of the contact line of a fluid on surfaces patterned with polygonal posts. Courbin et al. 25 showed that the final shape of a drop spreading on a surface patterned with posts can strongly depend on the arrangement of the posts: square drops are obtained when the posts are in a square lattice, and hexagonal drops when the posts are in a triangular lattice. The shape of the posts was not explored in the study of Courbin et al., but it was later investigated by Blow et al. using lattice Boltzmann simulations. 26, 27 It was found that the post shapes indeed influence the drop shape due to the anisotropy in the way in which the fluid de-pins from the posts locally. Two distinct de-pinning mechanisms were described for a fluid imbibing this type of surface. Here we experimentally validate the existence of anisotropic wetting on surfaces with lattices of polygonal posts. Furthermore, we extend the analysis to the retracting motion of the contact line (i.e. employing 'reverse imbibition' or drying), which also exhibits two de-pinning mechanisms. Interestingly we find that the preferential directions for spreading and retraction are the same for the surfaces investigated.
For our purposes a suitable experimental method for depositing the drops is inkjet printing, which is increasingly used as a versatile research tool. 28, 29 Here it allows us to deposit one or multiple drops on the patterned surfaces in a very controlled fashion. In this way we are able to quickly create a large number of drops with near identical conditions, in order to study small drops across multiple surfaces as well as obtain high reproducibility on a single surface, even for pico-liter droplets. A further advantage is being able to vary the total drop volume by printing multiple drops on one location of the surface, thereby looking at the evolution of the drop shape (in particular the contact line) with increasing volume.
The experimental results are compared to lattice Boltzmann simulations. The lattice Boltzmann method is a mesoscale simulation technique which has proved to be successful in predicting and understanding numerous wetting situations. [30] [31] [32] [33] [34] The particular model we use is detailed in 35, 36 (see also the appendix). Alternative models are also available in the literature, see e.g. 37-41. This paper is structured as follows: after a description of the experimental details of inkjet printing and surface preparation in section 2, an analysis of the various shapes of the advancing contact line for drops inkjet-printed onto variously patterned surfaces is presented in section 3. Also included in this section is a comparison to our previous lattice Boltzmann simulation results, and a detailed description of the de-pinning mechanisms on a surface patterned with triangular posts arranged on a hexagonal lattice. In section 4 the analysis is extended to retracting contact lines via evaporation experiments and lattice Boltzmann simulations, together with a theoretical analysis of the de-pinning mechanisms of the contact line. Finally in section 5 the main conclusions are briefly presented.
Experimental methods
Printing was performed using a MicroDrop inkjet printing system with a MD-K-140 glass capillary and nozzle of 98 μm diameter (MicroDrop GmbH, DE). The electrical pulse supplied to the piezo-element was 100 V, with a 140 μs pulse length. Deionised water was used as printing fluid, which created highly reproducible drops of around 200 pl, ejected from the nozzle at 6 1 ms  , as was determined by the integrated camera system and software of the labscale inkjet printer. Substrates (see below) were placed under the inkjet nozzle in a fixed position, and a pre-set amount of drops, up to 225, was then printed onto the surface, forming one larger composite drop on the surface. Print frequencies were varied from 1 to 200 Hz, so within a little over 1 second even the largest surface drops were completely formed. The stand-off distance between the nozzle and the surface was 1 mm.
The surfaces were created as in our previous work by means of photo-lithography of negative photoresist SU-8 (MicroChem Corp.). 31 First, a thin layer of SU-8 (3 to 5 μm) was spin-coated from a solution of cyclopentanone onto standard laboratory glass slides, which were previously cleaned in ethanol and subsequently dried in nitrogen. Secondly a heating sequence on a hotplate was performed (1 min at 65 ºC followed by 2 min at 95 ºC) to remove the solvent, while the sample was simultaneously flood exposed with UV light (Exfo UV source) to promote adhesion of the SU-8 surface texture. Subsequently a second layer of SU-8 with a thickness of 18 μm was again applied and dried without exposure to flood-UV. Then, the SU-8 was exposed to UV-light (Exfo UV source) via contact lithography with a quartz-chrome custom lithographic mask. The mask was patterned with various post geometries (round, square, triangle, hexagon) and two lattice types (hexagonal, square) at various post sizes and lattice spacings, while the post height remained fixed by the layer thickness of 18 μm. Following exposure, a second heating sequence (1 min at 65 ºC followed by 2 min at 95 ºC) was employed to crosslink the exposed areas of the layer, followed by slow cooling. The non-exposed parts were then removed by a custom developer (mr-dev 600, MicroChem Corp.), after which the sample was rinsed by isopropanol and blown dry with a mild nitrogen flow. Reference samples of SU-8 with a smooth flat surface were created via the same procedure without the second patterning step. The intrinsic contact angle  of this smooth surface of SU-8 was measured by contact angle measurement setup (OCA-30, DataPhysics Germany) to be 80±3º.
After printing, the drops were imaged by optical microscopy using a Leica DM6000 M (20x objective with 1x additional magnification), equipped with a Leica DFC420C camera in bright field transmission mode. Images from the movie were exported as JPEG files via VirtualDub video editing freeware (version 1.9.0) and subsequently analysed.
The sample with water drop printed on top was moved to the microscope manually with care, within 20 to 30 seconds after printing is completed. The drop and surface were subjected during movement to minor mechanical vibrations. The impact of these mechanical vibrations was found to be negligible, as reproducibility of the drop shape during several identical experiments was found to be within experimental error. Similarly, by moving the same sample with drop multiple times, no differences in drop shape were observed. One reason for this is the fact that after print-ing, the drops were in the collapsed ('Wenzel') state, 42 which meant that a large portion of the total drop interface was in contact with the surface and such Wenzel states are known to be quite immobile due to contact line pinning and hysteresis.
After being placed under the microscope, the drops started to evaporate considerably faster than under ambient conditions, due to the heat of the additional transmitted light. While this heat flux was not strictly regulated, it was reproducible between measurements as long as the optics of the microscope (diaphragm, light intensity, magnification) were not changed. Typical evaporation times were between 30 s and 5 min, depending on drop volume. This increased evaporation was beneficially utilised in the experiments with receding contact lines.
Advancing drops and films

Drop shape anisotropy
Drops which are inkjet-printed on surfaces patterned with polygonal posts exhibit a variety of typical shapes, depending on the lattice type, post shape and size. The geometry is described by post height h , post width b and lattice spacing d . 
 
Due to curvature of the liquid-vapour interface, the posts below the drop in (b) and (c) look slightly distorted and out of focus, whereas the drop in (a) was imaged after prolonged evaporation just prior to initial retraction of the contact line (due to depinning) and therefore had a nearly horizontal liquid-vapour interface.
In figure 1 , a number of typical shapes are shown. From studying the various shapes of the drops in figure 1 , and other drops on a variety of surface geometries, it is determined that the anisotropy in the spreading can result from both the lattice in which the posts are arranged, and the shape of the posts themselves. The effect of lattice type is clearly illustrated in figure 1(a), with the contact line closely conforming to the square lattice of posts, but with the corners slightly clipped to produce an octagon shape. This shape was also observed by Courbin et al., 25 although they used circular posts, indicating that the effect of post shape is not significant in this case.
The anisotropy effect of the lattice can be explained by the contact line being pinned to rows of posts, and having to overcome an energetic penalty in order to advance from one row to the next. 25, 26 When it is finally able to reach such a new row, the adjacent posts are quickly wet, akin to the unzipping mechanism identified by Sbragaglia et al. 32 , as well as our previous work on surfaces with parallel corrugations, where the contact line occasionally 'jumps' to the next ridge and then proceeds to wet this new corrugation along its length. 33 Likewise, figures 1(b) and (c) show the influence of a hexagonal lattice, but they are also clearly affected by the shape of the posts. Comparing 1(b) and 1(c) is instructive. In 1(b) the post symmetry is reinforced by the lattice symmetry, of which it is a rotational subgroup. The post symmetry influences the shape of the interface considerably, as the contact line is able to reach the next row of posts more easily in the direction of the sharp edges of the triangular pillars. In 1(c), however, the post and lattice symmetries 'clash', with one not being a subgroup of the other. This leads to a less distinct difference in wetting directions, as no particular direction is clearly favourable over other directions. The resulting shape has only has two mirror symmetries. We further note that circular posts arranged on a hexagonal lattice were used in the experiments by Courbin et al,. 25 and in that case regular hexagons (which posses the lattice 6-fold rotational symmetry) were observed.
The drop in 1(c) is not perfectly symmetrical, which occurs occasionally during experiments. This is attributed to
either mechanical vibrations, local deviations from ideal shapes of the posts and other minor influences such as drops ejected by the inkjet nozzle under an angle ('satellite drops' or 'side shooters'). However, the reproducibility of the drop shapes is generally quite high, and can be analysed statistically as will be done in this paper. To further investigate the influence of the shape and arrangement of the posts, several different examples of posts arranged on a hexagonal lattice are presented in figure 2 . A drop on widely-spaced, round pillars (2(a)) has a nearly circular contact line shape. Increasing the post size (2(b) to 2(c)) or decreasing the post spacing (2(c) to 2(d)) lead to progressively more strongly anisotropic contact line shapes. The primary determinant is the lattice (type and spacing), but a clear modulation is created by choosing the parameters of the pillar shape, and orientation.
From studying figures 1 and 2, we have demonstrated that the shape of the contact line is clearly found to deviate from circular. This deviation is determined, besides the lattice type, by the relationship between the three main geometric parameters h , b and lattice spacing d .
In general when the posts are small compared to the lattice spacing and relatively far apart (i.e. low / b d and low / h d ), the contact line more closely resembles a circle. This is because the surface tension of the drop interface dominates over the pinning effects of the posts. However, at the other extreme, if the posts are too close together and are very wide (i.e. / 0.75 b d  ), the contact line is found to resemble a circle again. This occurs because the rows of posts are now sufficiently close for the contact line to jump between them rather than being pinned. Therefore, the drops are most anisotropic in an intermediate range of / b d . That the easier de-pinning with increasing / h b is a consequence of the interface more easily reaching the next post for a given equilibrium contact angle was demonstrated in 27 , and is consistent with the findings presented here.
Simulation results
Previous lattice Boltzmann simulation results and analysis for advancing imbibition were presented in 26, 27 . We will first briefly revisit these findings for the purpose of comparison with the deposition experiments presented in this paper. The details of the simulation method are given in the Appendix.
Simulating a large drop feeding imbibition among an array of posts beneath it is very computationally expensive. Since we are only interested in the details of flow amongst the posts, it is expedient to replenish the drop from a 'virtual reservoir', a small circular region of radius 6 lattice units at the centre of the box where additional mass of liquid is introduced. Using this simulation geometry, we were able to capture a number of anisotropic spreading behaviours. For example, of particular relevance here, for a hexagonal array of triangular posts, the spreading liquid quickly facets into a hexagon, which then forms a drop shaped intermediate between a regular hexagon and a triangle as shown in figure 3(a)-(c) . Note that the final drop shape in figure 3(c) is very similar to our experimental observation in figure 1(c). To understand the spreading anisotropies, we analysed the ways in which the contact line de-pins. We found two distinct routes which we shall call the connected and disconnected contact line mechanisms, indicated in figure 3(d) and ( , 25 although we showed in 27 that the curvature of the interface needs to be taken into account to obtain an accurate prediction. Because the contact line is unbroken, this method of pinning will be called the connected contact line mechanism ('CCL').
On the other hand, if the liquid reaches a sharp edge of the triangular posts first, pinning can occur with the interface spanning the gaps between the post faces, as show in figure 3(e) . In this situation, the contact line along the base substrate is punctuated by these faces, so we use the term disconnected contact line mechanism ('DCL'). Whether there will be pinning or contact line advance depends on the balance of the interfacial free energy cost of creating interface against the free energy reduction of wetting the hydrophilic substrate. The latter will outweigh the former when  is sufficiently small. As  is lowered, or because of the inertia of the fluid motion, the interface creeps around the corners of the post face. Once it comes into contact with the neighbouring portion of interface, it readily wets up the post face and across the base substrate towards the next row of posts.
The experimental variations in drop shape in figures 1 and 2 can be explained well in terms of the analysis of the lattice, combined with the CCL and DCL de-pinning mechanisms. In general the threshold values of  or fluid inertia, for the two pinning mechanisms will differ, giving rise to an intermediate range of  in which spreading is permitted only in certain directions, and is thus highly anisotropic. For example, in Fig 2(d) the contact line depins more easily in directions where it reaches the flat faces of the triangular posts first i.e. the CCL route dominates. Qualitatively similar shapes, intermediate between an equilateral triangle and a regular hexagon, can be observed by comparing the simulation result of figure 3 with the experimental results shown in figure 2(d). We note, however, that there are significant differences in the circumstances represented: 2(d) shows a Wenzel drop having a dome-shaped cap extending above the posts, which has impacted onto the substrate with substantial kinetic energy, while 3(c) shows an imbibed film (a thick, flat film with the same height as the posts, but not wetting their top faces) which has been introduced quasi-statically. We therefore now describe further experiments to investigate how the final drop shape depends on details of how it is produced.
Reproducibility of drop shapes from inkjet printing
We now aim to investigate how the final shape of the drop changes with its volume and, in particular, to assess the reproducibility of the drop shapes. The different volumes were created by the rapid sequential addition of between 1 and 225 drops of volume 200 pl each, ejected at a rate of 6 ms -1 (see section 2). Our results are for the surface with triangular posts on a hexagonal lattice presented in figure 1(c) . The experimental surface parameters are h = 18 μm, b
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and similarly  ' ,  '', which are measures of the degree to which the triangle circumscribing the hexagon is trun- 
with R the drop radius. While a spherical drop with a circularly shaped contact line is an approximation, it serves our purpose here, as a hexagonal or triangular drop has 6-fold or 3-fold rotational symmetry, so that the deviation is not too large.
As can be clearly seen in figure 5 (a), a single printed drop is initially overstretched considerably so that its effective contact angle is around ~10 , whereas the intrinsic contact angle of the surface is 80 . Pinning by the posts stops the interface retracting. The initial overspreading of the drop is due to the excess kinetic energy as it impacts the surface. With the increasing number of drops, the net available energy at the contact line decreases over time, as increasingly this energy will be absorbed by the fluid reservoir of the main drop and dissipated viscously. As the number of inkjetprinted drops added to a surface drop increases, the larger drops eventually exceed the intrinsic contact angle, since now the contact line is also pinned against further spreading past the posts. Close analysis of the microscopy images confirms that the spherical cap of the large drops overhang beyond the contact line on the surface, indicating that the contact angle exceeds 90 . which is about one-third of the height of the posts. Eventually at 225 drops, the contact angle exceeds 90 so that the liquid-vapour interface arcs outward beyond the posts on which it is pinned. Thus pinning, and the preference of the contact line for depinning via the connected contact line mechanism, are valid not only for liquid-vapour interfaces which wet up to the post height, but also for interfaces that wet only part of the pillars or extend above the pillars. Moreover the final drop imprints remain qualitatively the same in the experiments, where large amounts of kinetic energy are available, and in the simulations which are quasi-static. 
Experimental results
In the second part of this paper we compare experiments and simulations aimed at understanding the behaviour of a drop as it evaporates from a surface patterned with polygonal posts. We start with the anisotropic, pinned drops, created using ink-jet printing, and described in section 3.
A typical example of the behaviour of an evaporating drop as a function of time is shown in figure 6 (a). During evaporation of the water drops, the spherical cap of liquid above the posts starts to evaporate while the outer contact line is observed by microscopy to be pinned. The contact line typically remains pinned until the tops of the outermost posts are de-wetted. This de-wetting can be clearly observed during the experiment due to the sudden contrast change of the posts. It is important to note that the retraction process does not necessarily start after all tops are de-wetted but, typically, while some of the tops are still wet. The drop then retracts post by post (or several posts at a time) with a jumping motion of the contact line, until only a very small group of posts remains wet. At this point, the drop evaporates quickly and completely. During de-wetting, the contact line changes in shape from the initial irregular hexagon to a round shape. Normally the drop shape does not change into a regular hexagon before becoming rounded. However, varying irregular shapes can also form during the evaporation, as symmetry is often broken by one part of the contact line starting to move inwards while another remains pinned. These irregular shapes suggest that kinetics and surface defects play dominant roles for small liquid volumes combined with high evaporation rates. 
Simulation results
To investigate the effects of patterning anisotropy on evaporation by means of lattice Boltzmann simulations we take an imbibed film as the starting point in our simulation. In particular, we begin with the configuration in figure 3(c) , obtained by quasi-static spreading on a hexagonal lattice of triangular posts with intrinsic contact angle 55
Rather than using a virtual drain to drive the drying, we gradually reduce the volume of the film, by subtracting a small amount of mass from the liquid phase at each time step, such that quasi-static evaporation is simulated. This corresponds more closely to the experimental situation. The evolution of the simulated drop in figure 6 (b) is now compared to the experimental results. The main trend is that the film retracts preferentially towards the points of the triangles compared to the faces. This effect is sufficiently strong to undo, and indeed reverse, the anisotropy gained in the spreading phase. One of the intermediate contact line contours, 6(b-iv) is a nearly regular hexagon, indicating that the drop reverts back to this original shape during evaporation, before proceeding to smaller shapes where the drop footprint is a triangle pointing left, rather than right. This is similar to the behaviour seen in the experiments, although the faceting is less pronounced in the latter case.
(The simulation suffers from a small anisotropy resulting from the cubic discretisation used in the lattice Boltzmann algorithm, which breaks the natural three-fold symmetry of the physical system, so that retraction in the x direction is slightly slower than that in the two diagonal directions, causing the broken symmetry seen in 6(b-iii) and (b-v).)
We now look at the possible de-pinning mechanisms in detail. These are summarised in figures 6(c) and 6(d). As for the advancing contact line case, the simulations are periodic in a direction perpendicular to the motion of the interface.
Consider first the case where the retreating interface reaches the face of the triangular posts first, shown in figure  6 (c). In the step (i) to (ii) in the figure, the contact line remains pinned to the bottom corners of the post while the interface de-wets the sides of the post vertically. Once the height of the interface around the boundary post has dropped significantly, the contact line de-pins from the corners of the posts, but (iii) demonstrates that there is still a barrier to retraction, with the interface being significantly distorted around the post. This barrier can be understood in terms of the free energy cost of increasing interfacial area in the widening gap. When the contact line finally reaches the apex of the triangle, it snaps back into a straight, connected configuration, as shown in (iv). The contact line then quickly retracts, readily de-wetting the front face of the next post, until it is in a disconnected state as shown in (v), equivalent to its starting configuration in (i). The interface has now moved through one lattice spacing and the cycle repeats. This mechanism can be considered as disconnected contact line (DCL) de-pinning, as the front face of the post has to be de-wet first forming a disconnected contact line. This requires considerable distortions of the liquidvapour interface, and it is analogous to DCL de-pinning for advancing contact lines. 26, 27 The snapshots in figure 6(d) show the depinning mechanism when the retreating interface reaches an apex of a triangular post first. From the connected configuration in (i), the contact line retreats until it is punctuated by the posts in (ii). Then the liquid de-wets the two front faces of the posts, so that the contact line is level with the back of the posts, as shown in (iii). As (iv) demonstrates, de-wetting the back face of the post is the main obstacle to de-pinning, with the interface being greatly distorted. Once the interface has de-pinned from this post, the contact line springs back into position, (v), equivalent to position (i) except for a lattice translation, completing the cycle. This is the first de-pinning mechanism that we have discussed where pinning occurs both when the contact line is connected (d(i)-d(ii)) and when it is disconnected(d(iii)-d(iv)), so it is best seen as a mixed CCL/DCL route. This is contrast to the advancing case where the contact line is only pinned when it is connected.
To better understand the evaporation process, we next use similar simulations to investigate both mechanisms of de-pinning simultaneously during retraction of the film, as shown in figure 7 . As before we consider a geometry where the simulations are periodic in a direction perpendicular to the motion of the interface. We initialise the system with a strip of liquid filling the substrate to the tops of about 7 posts and again model evaporation by slowly subtracting mass. Figure 7 (a) shows the simulation results for the time evolution of the film for a contact angle 30   . For this low value of  , de-pinning from the outer posts is inhibited in both directions. Instead, the film decreases in thickness as it evaporates, while remaining at a constant length. This is a consequence of the increased energy cost of de-wetting a more hydrophilic substrate. The film only begins to retract when it is very thin: less than half of h . As before it retracts only in the direction of the CCL/DCL mixed de-pinning, which indicates that the preferred de-pinning direction persists for films thinner than the post height.
The situation for  = 55° is shown in figure 7(b) . For this contact angle the liquid thickness remains constant at h , and the preference is again for CCL de-pinning. Increasing  up to 70 gave no qualitative change. In general, the contact angle sensitivity for retraction appears to be less than that for advancing contact lines. We were unable to identify a regime where DCL depinning occurred in preference to mixed CCL/DCL retraction. This is different to the advancing contact line case where Blow and Yeomans 27 showed that either CCL and DCL de-pinning may be preferred depending on the contact angle and the ratio of post height and separation. , the drop remains pinned until the tops of the posts are de-wetted. Then, the interface de-pins from the face of the triangle.
(b) For = 55°
, de-pinning from the face occurs before de-pinning from the top of the interface and the drop retains constant height away from the contact line.
Comparison and reproducibility
There are two main differences between the experimental and computational setups. Firstly, in the simulations we modelled an imbibed film lying entirely amidst the posts. This corresponds in the experiments to the case of a single or few inkjet-printed drops, but not to the case of multiple drops where the interface forms a dome-shaped cap above the pillars. However, during evaporation it is observed with microscopy that the spherical cap shrinks while the contact line remains pinned, until the tops of the posts are dewetted, at least at the periphery. Therefore, the starting position of the simulations should provide a good model. Secondly, and more importantly, there are many more posts under the drop in the experiments than in the simulations. This makes a quantitative comparison infeasible. In particular, in Figure 6 (a), the receding contact line appears increasingly circular as evaporation progresses. This is not witnessed in the simulations, where the contact line remains more obviously facetted. This is probably because the small number of posts under the simulation drop gives limited scope to form a circular shape. Nevertheless, the two methods clearly agree on the qualitative nature of the anisotropy; that retraction is energetically favoured for contact lines along which the points of the triangular posts point outwards. Since an equivalent CCL de-pinning mechanism also plays the dominant role during imbibition (advancing contact line), the drops preferentially advance and retract along the same lattice directions, leading to the initial drop shape being approximately recovered as the contact line retracts.
On ideal surfaces, a drop will retract to its centroid, M in figure 4 . For the experimental drops z , the actual position of the last post to de-wet, was measured in the three lattice directions. M can be calculated from the experimental data, assuming the geometry of figure 4(b), via
